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Abstract. Terrestrial laser scanning (TLS) provides high-
resolution point clouds of the topography and new TLS
instruments with ranges exceeding 300 m or even 1000 m
are powerful tools for characterizing and monitoring slope
movements. This study focuses on the 35 million m3 A˚knes
rockslide in Western Norway, which is one of the most in-
vestigated and monitored rockslides in the world. The TLS
point clouds are used for the structural analysis of the steep,
inaccessible main scarp of the rockslide, including an as-
sessment of the discontinuity sets and fold axes. TLS ac-
quisitions in 2006, 2007 and 2008 provide information on
3-D displacements for the entire scanned area and are not re-
stricted like conventional survey instruments to single mea-
surement points. The affine transformation matrix between
two TLS acquisitions precisely describes the rockslide dis-
placements and enables their separation into translational
components, such as the displacement velocity and direction,
and rotational components, like toppling. This study shows
the ability of TLS to obtain reliable 3-D displacement infor-
mation over a large, unstable area. Finally, a possible insta-
bility model for the upper part of A˚knes rockslide explains
the measured translational and rotational displacements by a
combination of southward planar sliding along the gneiss fo-
liation, gravitational vertical settlement along the complex,
stepped basal sliding surface and northward toppling toward
the opened graben structure.
Correspondence to: T. Oppikofer
(thierry.oppikofer@unil.ch)
1 Introduction
Landslides are a major natural hazard in many mountainous
regions (Evans and Clague, 1994). In Norway, large rock-
slides causing catastrophic tsunamis in the narrow fjords are
frequent. In the Storfjord in Western Norway, several histor-
ical reports and rock avalanche deposits in the fjord give ev-
idence to this high frequency with approximately one catas-
trophic rockslide event every 100 years (Blikra et al., 2005,
2006c). In 1934 the 2–3 million m3 Tafjord rockslide led
to a catastrophic tsunami with a run-up height of more than
60 m and killing 40 people in the villages of Fjøra and Tafjord
(Fig. 1a) (Bugge, 1937; Kaldhol and Kolderup, 1937; Braa-
then et al., 2004). This high rockslide density and frequency
is explained by the high relief created by high post-glacial
uplift rates and fjord incision along pre-existing structures
(Redfield et al., 2005; Blikra et al., 2006c; Henderson et al.,
2006). Glacial debuttressing and subsequent stress-release
are potential causes that led to the destabilization of the fjord
flanks and the creation of rockslides (Agliardi et al., 2001;
Ballantyne, 2002; Ambrosi and Crosta, 2006; Blikra et al.,
2006c).
The A˚knes rockslide (Fig. 1b, c) is situated on the western
flank of Sunnylvsfjord, a branch of the Storfjord (Fig. 1a).
Dozens of cruise ships with thousands of tourists onboard
pass every summer beneath the A˚knes rockslide on their
way to the scenic Geirangerfjord, which is listed in the UN-
ESCO’s world heritage sites. The volume of the A˚knes
rockslide was first estimated to be 5 to 6 million m3 (Nor-
wegian Geotechnical Institute, 1992, 1996; Braathen et al.,
2004). Detailed investigations however revealed that the
whole rockslide covers a much larger area (approximately
550′000 m2) and stretches from 900 m down to 100 m above
sea level (Blikra, 2008). The new volume was estimated to
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Fig. 1. a) Location map of the Åknes rockslide in Western Norway (© Statens Kartverk, 
Norwegian Mapping Authority); b) picture of the Åknes rockslide seen from the 
Sunnylvsfjord showing the areas of interest (modified from Derron et al., 2005); c) shaded 
relief map of the rockslide showing its extent, the location of the main scarp and the fast-
moving ridge, as well as the annual displacement vectors in cm/year obtained by GPS (blue), 
extensometers (green) and total station (red) (displacement data from Ganerød et al. (2008); 
ALS digital elevation model © Åknes/Tafjord Project, 2005). 
 
Fig. 1. (a) Location map of the A˚knes rockslide in Western Norway (© Statens Kartverk, Norwegian Mapping Authority); (b) picture of the
A˚knes rockslide seen from the Sunnylvsfjord showing the areas of interest (modified from Derron et al., 2005); (c) shaded relief map of the
rockslide showing its extent, the location of the main scarp and the fast-moving ridge, as well as the annual displacement vectors in cm/year
obtained by GPS (blue), extensometers (green) and total station (red) (displacement data from Ganerød et al. (2008); ALS digital elevation
model © A˚knes/Tafjord Project, 2005).
30–40 million m3 (Blikra et al., 2006b; Blikra, 2008). Its
failure might cause a catastrophic tsunami in the fjord that
would reach the nearby villages of Hellesylt and Geiranger
(Fig. 1a) within 4 and 10 min, respectively, creating run-up
waves of up to 40 m in these localities (Blikra et al., 2005;
Eidsvig and Harbitz, 2005; Blikra et al., 2006c).
Since 2005, the A˚knes rockslide has been investi-
gated and monitored as part of the A˚knes/Tafjord Project
(www.aknes-tafjord.no). It is one of the biggest landslide
monitoring projects in the world employing a multitude of
geological, structural, geophysical and borehole investiga-
tions (Blikra et al., 2006a; Blikra, 2008; Ganerød et al.,
2008; Roth and Blikra, 2009). The monitoring focuses not
only on the measurement of slope movements using a large
variety of techniques (Kveldsvik et al., 2006), but also in-
cludes measurements of meteorological, seismic and ground-
water conditions (Blikra et al., 2006a; Blikra, 2008; Roth and
Blikra, 2009). Some displacement monitoring techniques are
point based (GPS, extensometers, total station, and laser dis-
tance meters), while others are area based (photogrammetry,
satellite-based and ground-based radar interferometry, aerial
laser scanning (ALS), and TLS). Point based measurements
are generally more accurate and precise than area based tech-
niques, especially when control targets are used. However,
point based measurements provide only information on a few
selected monitoring points and not on the whole landslide
(Bitelli et al., 2004). The measured slope movements reach
about 1–3 cm/year (Braathen et al., 2004; Derron et al., 2005;
Kveldsvik et al., 2006; Ganerød et al., 2008), but higher an-
nual displacements are recorded in the most unstable parts
(7–20 cm/year) (Blikra et al., 2006b) (Fig. 1c).
Through its capability to obtain point clouds of the to-
pography, TLS is widely used nowadays for detection and
monitoring of deformations or displacements (Gordon et al.,
2001; Slob and Hack, 2004; Bauer et al., 2005; Biasion et al.,
2005). Applications include the quantification of deforma-
tion on man-made structures (Gordon et al., 2001, 2003; Lin-
denbergh and Pfeifer, 2005; Alba et al., 2006; Tsakiri et al.,
2006) and of rockfall in cliff erosion (Lim et al., 2005; Rosser
et al., 2005), the back-analysis of a rockfall (Abella´n et al.,
2006), and structural analyses (Feng and Ro¨shoff, 2004; Slob
et al., 2005; Sturzenegger et al., 2007; Metzger and Jaboyed-
off, 2008; Lato et al., 2009; Sturzenegger and Stead, 2009)
or the measurement of displacements (Bitelli et al., 2004;
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Fig. 2. a) Photograph of the main scarp and fast-moving ridge of the Åknes rockslide taken 
from the TLS scan site situated at 300 to 400 m from the rock wall. The locations of the 
reflector and the bunker used for the instrument accuracy assessment are indicated; b) shaded 
relief map of the upper part of the Åknes rockslide showing the TLS scan site, as well as the 
scan directions and extent of the area scanned in this study. 
 
Fig. 2. Photograph of the main scarp and fast-moving ridge of the A˚knes rockslide taken from the TLS scan site situated at 300 to 400 m
from the rock wall. The locations of the reflector and the bunker used for the instrument accuracy assessment are indicated; (b) shaded relief
map of the upper part of the A˚knes rockslide showing the TLS scan site, as well as the scan directions and extent of the area scanned in this
study.
Oppikofer et al., 2008a, b; Travelletti et al., 2008; Teza et
al., 2008; Abella´n et al., 2009). The knowledge of the dis-
placement rates is essential for hazard assessment (Crosta
and Agliardi, 2003), especially for the evaluation of volumes,
the failure prediction, and the assessment of the tsunami haz-
ard.
A detailed TLS investigation of the A˚knes rockslide was
undertaken in 2006, 2007 and 2008. The primary goal of
this survey was the detection of movements in the uppermost
part of the rockslide by comparison of sequential TLS point
clouds (time-series) and the structural analysis of the scarp
area.
2 Methodology
2.1 Terrestrial laser scanning
2.1.1 Technique
The TLS technology is based on the reflectorless and con-
tactless acquisition of a point cloud of the topography using
the time-of-flight distance measurement of an infrared laser
pulse (Lichti et al., 2002; Slob and Hack, 2004). The Optech
ILRIS-3D used for this study has a wavelength of 1500 nm
and a range in practice of about 600 to 800 m on rock slopes,
depending on the reflectivity of the object. The monochro-
matic and nearly parallel laser pulse is sent out in a precisely
known direction. The pulse gets back-scattered by various
objects like the terrain, vegetation, houses and other man-
made structures. The scanner then records the back-scattered
pulse. The time-of-flight of the signal is then converted into
the distance between the scanner and the object. The coor-
dinates of each point relative to the scanner are defined by
its distance and the azimuthal (horizontal) and zenithal (ver-
tical) angles (Teza et al., 2007). Mirrors inside the scanner
allow a 40◦ wide and 40◦ high field of view to be scanned
in a single acquisition with a frequency of about 2500 points
per second. The spatial resolution depends on the distance of
t e object and the chosen angular spacing between two spots.
2.1.2 Data acquisitions
On 3 August 2006 a complete point cloud of the upper main
scarp and the fast-moving ridge was obtained from the SW
rim of the A˚knes rockslide area at a distance ranging from
300 m (main scarp) and 400 m (bottom of ridge) (Fig. 2). The
main scarp and the ridge were scanned again on 10 Septem-
ber 2006, 7 August 2007 and 24 August 2008. The TLS
datasets comprise 5.9 to 8.1 million points and the result-
ing mean point spacing δ (or resolution) on the rock face
ranges between 7.9 cm and 10.5 cm at a distance of 300 m
and 400 m, respectively.
2.1.3 Co-registration and georeferencing
The TLS datasets were treated and analyzed using the
PolyWorks software (InnovMetric, 2009). First, the raw
scans were manually cleaned to remove any unwanted ob-
jects, such as vegetation. The co-registration (or alignment)
of the scans is achieved first by a manual alignment, which
consists in identifying common points in the different point
clouds. Following this rough matching an automated itera-
tive procedure with a point-to-surface Iterative Closest Point
(ICP) algorithm (Besl and McKay, 1992; Guarnieri et al.,
2006; Teza et al., 2007) is carried out in order to mini-
mize the co-registration errors. An overlap of approximately
20% between the different scans is necessary to ensure good
matching between the datasets.
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Fig. 3. Error and accuracy assessment of the TLS point cloud and the co-registration procedure: (a) histograms of the error between the
TLS data and planes fitted on man-made planar structures. The standard deviations of the Gaussian distributions fitted on the histogram
are representative for the instrument accuracy at the given distances; (b) profile across the TLS and ALS point clouds illustrating the co-
registration error caused by the spacing between two points and the accuracy of the points. Co-registration errors between data and reference
TLS point clouds (εreg) are mainly due to the point spacing. Georeferencing by co-registration of TLS point clouds on an ALS point cloud
leads to positioning errors (εgr ) caused by the lower accuracy of the ALS data.
This co-registration procedure is used for individual scans
taken at the same epoch, like three scans with different view
directions acquired for this study (Fig. 2b), but also for the
co-registration of sequential TLS point clouds and for the
georeferencing of the TLS datasets. For the georeferencing
an ALS point cloud (© A˚knes/Tafjord Project) with an aver-
age point spacing of 60 cm (2.8 points/m2) was used as ref-
erence. The high resolution TLS point clouds complete the
ALS digital elevation model (ALS-DEM) that is generally
only poorly defined in steep cliffs (Derron et al., 2005).
Sequential TLS point clouds enable the detection and
quantification of slope movements, like landslides or rock-
falls (Bitelli et al., 2004; Bauer et al., 2005; Rosser et al.,
2005; Abella´n et al., 2006; Oppikofer et al., 2008a, b; Teza
et al., 2008; Travelletti et al., 2008; Abella´n et al., 2009). Un-
like other studies that compared DEMs created from the geo-
referenced TLS point clouds to quantify the displacements
(Bitelli et al., 2004; Bauer et al., 2005), in this study the
sequential point clouds are co-registered with the reference
point cloud by limiting the iterative alignment procedure to
the assumed stable part around the rockslide only (Teza et al.,
2007; Oppikofer et al., 2008a, b). A high percentage of sta-
ble areas relative to the moving parts (33% for the 2006 ref-
erence dataset: 2.1 million stable points, 6.4 million points
in total, Fig. 2) assures good co-registration of the sequential
point clouds.
2.1.4 Instrumental and co-registration errors assess-
ment
The assessment of the instrumental and data treatment errors
is essential for displacement analyses and landslide monitor-
ing, since these errors determine the minimum displacement
that can be detected by the approach used.
At a distance of 100 m, the instrument accuracy provided
by the manufacturer equals approximately 7 mm for the dis-
tance and 8 mm for the position. The effective error is as-
sessed by fitting planes on man-made planar structures found
on the scans, i.e. the wall of a bunker situated above the main
scarp at a distance of 414 m and the foundations of a reflec-
tive target on the fast-moving ridge at a distance of 335 m
(Fig. 2), and computing the distance between the points and
the planes. These standard deviations on point measurements
(σpt ) vary between 1.26 cm on the reflector foundations and
1.65 cm on the bunker (Fig. 3a).
The error of the co-registration using the ICP algorithm is
mainly dependent on two factors: (1) the point spacing δ of
the two datasets, and (2) the point measurement error (σpt )
(Fig. 3b). As the TLS datasets have a given point spacing δ,
it is implicit that not necessarily the same points on an irregu-
lar surface are measured and consequently two neighbouring
points in different scans are separated by a certain distance
(εreg) (Fig. 3b). The ICP algorithm minimizes these distances
leading to an average error of 0.05 cm (µreg) with a standard
deviation of 2.0 cm (σreg) for the co-registration of individual
scans of the same epoch. This standard deviation includes
instrumental measurement errors (σpt ) and increases with
the point spacing δ. The co-registration standard deviation
of sequential datasets (σseq = 2.7 cm) is higher than for in-
dividual scans (σreg), mainly because the co-registration of
sequential datasets is performed on assembled point clouds
and thus also includes σreg.
The georeferencing on the ALS point cloud leads to an
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absolute positioning error of 0.55 cm with a standard devia-
tion of 14.1 cm (σgr ). This standard deviation is principally
caused by the higher point spacing and lower point accuracy
of the ALS dataset. Since the sequential point clouds are
directly co-registered, the georeferencing error (σgr ) must
not be included in the co-registration error of sequential TLS
datasets. The final standard deviation on the co-registration
of sequential TLS point clouds is 1σseq = 2.7 cm, including
instrumental errors (1σpt ).
Taking into account the high point density of entire TLS
point clouds, i.e. by interpolated surfaces or by filtering tech-
niques, errors are significantly lower than on single points
due to the law of large numbers (Lindenbergh and Pfeifer,
2005; Abella´n et al., 2009). Using a 5×5 nearest neighbour
averaging, Abella´n et al. (2009) have shown a reduction of
the standard deviation on point measurements (1σpt ) by a
factor of 5 to 6. The roto-translation matrix technique pre-
sented in this study also takes advantage of the high point
density of the TLS datasets.
2.2 Displacement characterization and quantification
2.2.1 Shortest distance comparison
The shortest distances (SDs) between two point clouds are
very useful for deformation measurements, since they allow
to detect vertical, horizontal and oblique differences, and not
only altitude changes, like on multi-temporal DEMs (Bitelli
et al., 2004). Positive SDs signify that the points in the data
point cloud are situated above or in front of the reference
point cloud. In landslide studies, positive SDs can be in-
terpreted as advances of a sliding mass or as material accu-
mulation on debris slopes. Negative SDs mean that the data
point cloud is behind or below the reference dataset and are
related to vertical settlement, subsidence or erosion and rock-
falls. Looking at the spatial pattern of these positive and neg-
ative differences makes it possible to delimit compartments
with different displacement directions and/or velocities, and
finally to propose a mechanism of deformation (Oppikofer et
al., 2008b).
The differences between two sequential point clouds are
computed as SDs in PolyWorks. For each point i of the
data point cloud [Xi.data, Yi.data, Zi.data]T the SD algorithm
searches its nearest neighbour j in the reference point cloud
[Xj.ref, Yj.ref, Zj.ref]T and computes the SD vector, vi , be-
tween both points (Eq. 1).
vi =
1Xi1Yi
1Zi
 =
Xi.refYi.ref
Zi.ref
−
Xj.dataYj.data
Zj.data
 (1)
Consequently the SD algorithm yields not only the Euclid-
ian distance, |vi |, between closest points in sequential TLS
datasets, but also the 3-D orientation of the SD vector, vi .
As the SD computation is based on the same ICP algorithm
as the co-registration procedure, the error associated to SD
comparisons (SDC) corresponds to the co-registration stan-
dard deviation of sequential TLS datasets (1σseq = 2.7 cm).
SDs larger than 2.7 cm are thus significant.
2.2.2 Displacements vectors
The displacement of a landslide or of individual parts in a
landslide can be described by a translation, a rotation or a
combination of both. A simple method to quantify the dis-
placement velocity and direction (displacement vector) of
an object is to select corresponding points on view-shaded
representations of both point clouds, as described in Op-
pikofer et al. (2008b). Summits of blocks or small spurs
and intersections or end points of discontinuity traces form
good point pairs. These displacement vectors provide es-
sential information for the modelling of landslides and the
prediction of rockfall events. However the reported errors
on the displacement vector (length: 1σlength = 10 cm; orien-
tation: 1σorientation = 2–3◦; data from Oppikofer et al., 2008b
for displacements of several dm to m) are too high for the
assessment of small, centimetric displacements at the A˚knes
rockslide. These large errors are due to the point spacing of
the TLS datasets (usually between 5 and 20 cm in landslide
displacement studies), the difficulty to identify exactly the
same point on different datasets, the measurement and co-
registration errors, and neglecting the effect of rotation in the
movement analysis.
2.2.3 Roto-translation matrix technique
In order to assess small displacements, a roto-translation ma-
trix technique based on Montserrat and Crosetto (2008) has
been developed for this study. It takes into account both
translation and rotation of individual parts of the rockslide
(compartments), all the data points and not only point pairs,
and uses thus one of the main advantages of TLS, i.e. the
high point density.
Therefore, the points on each compartment are selected
on the initial state scan (s) and triangulated according to a
plane normal to the scanner’s view direction. This triangu-
lated model is then aligned on the final state scan (s) using
the ICP algorithm implemented in PolyWorks. This affine,
rigid-body transformation can be expressed by a 4×4 matrix
(Stephens, 2000; Lichti et al., 2002; Monserrat and Crosetto,
2008). This roto-translation expresses the real rotation of a
block around the origin of the coordinate system followed
by a translation, to the final position. This translation is dif-
ferent from the true translation and has no significance in
terms of rockslide displacements (Fig. 4b). The total trans-
formation is better described by the translation of the centre
point from its initial to its final state (Fig. 4a) followed by the
real rotation of the block around its centre point (Fig. 4 and
Appendix A). Frequently rotations are expressed by rotation
angles around theX-, Y - and Z-axis (Euler angles) (Monser-
rat and Crosetto, 2008). To facilitate the interpretation of the
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clockwise (C.W.) and counter-clockwise (C.C.W.) rotations, respectively.
rotational component for this study, the 4×4 matrix is trans-
formed into a toppling angle, φ, and toppling direction, φ, of
the block as well as the tilt rotation, ψ , of the block around
the toppled axis (Fig. 4c and Appendix A).
The precision of the calculated translational and rotational
displacements is estimated by performing several times (20)
the procedure for the same block. The accuracy of the mag-
nitudes of the translational and rotational components can be
estimated by applying the roto-translation matrix technique
on stable parts of the slope, i.e. the main scarp (Oppikofer
and Jaboyedoff, in preparation, 2009). For this assessment
the TLS point cloud of the main scarp was divided into eight
parts of approximately equal size and the roto-translation ma-
trix was computed for each individual part. The computed
accuracy of the translation lengths l varies between 0.41 cm
and 1.82 cm with a mean value of 1.10 cm (σl). The av-
erage accuracies of the toppling, σφ , and tilt angles, σ9 ,
equal 0.0141◦ (minimum: 0.0030◦; maximum: 0.0244◦) and
0.0071◦ (minimum: 0.0029◦; maximum: 0.0144◦), respec-
tively (Table 1).
The accuracy of the computed translation directions (trend
and plunge) depends on the displacement length and on the
angle α between the TLS scan direction and the displacement
direction (Oppikofer and Jaboyedoff, in preparation, 2009)
(Fig. 5a). To assess the accuracy of the translation direction,
the accuracy of the centre point coordinates must be deter-
mined. Therefore, for each point in the main scarp the SDs
between sequential point clouds were computed and the three
components of the SD vectors, vi , were analyzed statistically
(Oppikofer and Jaboyedoff, in preparation, 2009). The his-
tograms of the three components can be fitted by Gaussian
distributions. The standard deviation on the range measured
in the direction of the scanner’s line-of-sight equals 1.61 cm.
This value is comparable to the instrumental accuracy de-
termined on man-made planar structures, which are also ap-
proximately parallel to the scanner’s line-of-sight. The stan-
dard deviations on the horizontal and vertical position (per-
pendicular to the line-of-sight) are identical with a value of
0.88 cm. These standard deviations are used to create an er-
ror ellipsoid on the coordinates of the centre point (Fig. 5a).
The major axis of the ellipsoid is parallel to the TLS scan di-
rection. In function of α, the minimum detectable displace-
ment ranges from 0.88 cm (α = 90◦) to 1.61 cm (α = 0◦). Fig-
ure 5b shows the decreasing errors on the computed trend
and plunge angles with increasing displacements.
Similarly, the accuracy of the toppling azimuth, 1ϕ, de-
pends on the quantity of rotational displacement given by the
toppling angle, φ. Using the average accuracy of the top-
pling angle (σφ = 0.0141◦) the accuracy of the toppling az-
imuth can be calculated (Eq. 2) (Fig. 5c).
1ϕ = arcsin
(
φ
σφ
)
(2)
For the computed centimetric displacements on the A˚knes
rockslide, the mean accuracy of the translation directions
equals 9.1◦ (minimum: 4.7◦; maximum: 13.5◦) and 5.5◦
(minimum: 2.5◦; maximum: 6.8◦) for comparisons with a
time span of one and two years, respectively (Fig. 5b). The
average accuracy of the toppling azimuth is 26.2◦ (minimum:
1.4◦; maximum: 46.6◦) and 19.2◦ (minimum: 1.0◦; maxi-
mum: 58.0◦) for measurements with one and two years inter-
val, respectively (Fig. 5c). The high errors on the toppling az-
imuth are due to the small toppling angles. Nevertheless, on
compartments with significant toppling angles the computed
directions are meaningful. For comparable displacement
lengths, the roto-translation technique provides a much better
accuracy on the displacement length and direction than the
point pair method described above (Oppikofer and Jaboyed-
off, in preparation, 2009).
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Fig. 5. Error assessment of the translation and toppling directions computed by the roto-translation matrix technique: (a) illustration
explaining the decreasing error on the computed displacement direction (trend and plunge) with increasing displacement. The major axis of
the error ellipsoid representing errors on the range and position measurements is parallel to the TLS scan direction. The average errors on
the displacement direction and on the displacement length l depend on the angle between the scanner’s line-of-sight and the displacement
direction α; (b) accuracy of the computed trend and plunge angles of the displacement vector depending on l and α. The values for the
compartments on the fast-moving ridge of the A˚knes rockslide are shown; (c) same as in (b) but for the accuracy of the computed toppling
azimuth φ depending on the toppling angle φ.
Table 1. Precision and accuracy of the roto-translation matrix displacement analysis. The standard deviations and the maximum differences
relative to the mean value are computed. The accuracy of the translation direction and toppling azimuth using the roto-translation matrix
technique depend essentially on the amount of displacement. The point pair technique is not sensitive to rotational movements (accuracy of
the point pair technique for metric displacements from Oppikofer et al., 2008b).
Parameter
Precision Accuracy Accuracy of point pair technique
1σ (max. difference) 1σ (max. difference) 1σ
Translation length [cm] 0.02 (0.06) 1.10 (1.82) 10
Translation direction [◦] 0.28 (0.52) * 2–3
Translation plunge [◦] 0.52 (1.11) * 2–3
Toppling azimuth [◦] 1.80 (3.30) * n.d.
Toppling angle [◦] 0.0019 (0.0031) 0.0141 (0.0244) n.d.
Tilt angle [◦] 0.0057 (0.0076) 0.0071 (0.0144) n.d.
* depend on the translation length and toppling angle (Fig. 5); n.d. = not detectable
www.nat-hazards-earth-syst-sci.net/9/1003/2009/ Nat. Hazards Earth Syst. Sci., 9, 1003–1019, 2009
1010 T. Oppikofer et al.: Characterization and monitoring of A˚knes rockslide by TLS
 36
 
 
Fig. 6. a) Coltop3D representation of the TLS point cloud of the Åknes rockslide main scarp 
(Inset: lower hemisphere stereonet of the Coltop3D colour representation of each spatial 
orientation, modified from Jaboyedoff et al., 2007); b) enlargement showing the six 
discontinuity sets (see Table 2). Some colour changes, e.g. from light blue to red in D1, 
yellow to blue in D2 or magenta to green in D5, are due to overhanging parts in these 
Fig. 6. (a) Coltop3D representation of the TLS point cloud of the A˚knes rockslide main scarp (Inset: lower hemisphere stereonet of
the Coltop3D colour representation of each spatial orientation, modified fr m Jaboyedoff et al., 2007); (b) enlargement showing the six
discontinuity sets (see Table 2). Some colour chang s, .g. from light blue to red in D1, yellow t blue in D2 or magenta to green in D5, are
due to overhanging parts in these subvertical discontinuity sets; (c) enlargement displaying the folds in the upper part of the scarp with D4
and D3 forming the normal and reverse fold limbs, respectively.
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Fig. 7. Stereonet of major structural features in the A˚knes rockslide main scarp obtained by fitting geometrical forms in PolyWorks: (a) the
SE-plunging fold axis orientations; (b) 106 poles of discontinuities forming six discontinuity sets (D1 to D6).
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Table 2. Discontinuity sets in the main scarp of A˚knes rockslide based on manual fitting of planes in PolyWorks and the selection of
discontinuities based on the orientation-specific colouring in Coltop3D.
Set Manual approach Semi-automatic approach Coltop3D colour
(PolyWorks) (Coltop3D) (in Fig. 6)
[dip direction/dip angle±1σ ] [dip direction/dip angle±1σ ]
D1 008◦/87◦±9◦ 014◦/84◦±10◦ Light blue
D2 249◦/82◦±12◦ 247◦/82◦±11◦ Yellow
D3 060◦/26◦±10◦ 070◦/35◦±7◦ Bluish white
D4 167◦/40◦± 11◦ 186◦/41◦±10 Orange-red
D5 124◦/85◦±12◦ 149◦/82◦±11◦ Magenta
D6 301◦/84◦±13◦ 333◦/75◦±10◦ Green-blue
2.3 Structural analysis
Hard rock slopes are generally shaped by major disconti-
nuity sets (Terzaghi, 1962; Selby, 1982; Jaboyedoff et al.,
2004). Their orientations can thus be determined using an
ALS-DEM or a TLS point cloud with the predominant ori-
entations of the topographic surfaces corresponding to the
orientation of the main fracture sets (Jaboyedoff et al., 2004,
2007, 2009).
The orientation of discontinuity sets or fold axes can be
obtained by fitting simple geometric forms (planes for dis-
continuities, cylinders or cones for folds) through selected
points in PolyWorks (manual approach). Another technique
consists of computing the spatial orientation (dip direction
and dip angle) of each point with respect to its neighbour-
hood in the software Coltop3D (Jaboyedoff et al., 2007; Met-
zger and Jaboyedoff, 2008) (Fig. 6). Coltop3D attributes
a unique RGB colour to each spatial orientation (Fig. 6a),
which permits the user to visually identify the discontinu-
ity sets and to select areas with the same colour and con-
sequently also the same orientation (Fig. 6b) for the com-
putation of the average dip direction and dip angle (semi-
automatic approach) (Jaboyedoff et al., 2004, 2007). In
both approaches the variability of the discontinuity set ori-
entation can be expressed by the aperture angle of the cone
centred on the mean orientation of the discontinuity set and
enveloping 68% (1σ ) of the data (Wyllie and Mah, 2004;
Rocscience, 2007).
3 Results
3.1 Structural analysis
The main scarp of the A˚knes landslide is approximately
200 m high and 300 m wide. Difficult access impedes struc-
tural measurements at the bottom of the scarp. Terrestrial
laser scans of the scarp are therefore used for the analysis of
the main structural features.
3.1.1 Fold axis
Several folds are visible on the main scarp (Fig. 6). As-
suming a cylindrical shape for the folds allows modelling
by fitting cylinders through the TLS points of the folds
(Fig. 7a). The fold axes have a mean orientation of 123◦/18◦
(trend/plunge) with only small variability (1σ = 5.7◦). This
fold axis orientation is in agreement with the “gently ESE-
plunging axis” reported by Braathen et al. (2004, p. 74).
3.1.2 Discontinuity sets
In different parts of the A˚knes main scarp and its sur-
roundings, orientations of discontinuities were determined.
With the manual approach more than 100 discontinuities
were measured and attributed to one of six discontinuity
sets (Fig. 7b and Table 2). The discontinuity sets obtained
by Coltop3D (semi-automatic approach) are very similar to
those using the manual approach (Fig. 6 and Table 2). How-
ever, Coltop3D provides more detailed information by re-
vealing overhanging walls in the steep discontinuity sets D1,
D2 and D5 (Fig. 6b).
D4 is the main orientation of the gneiss foliation in the
scarp area. Due to the folds, the gneiss foliation creates
overhanging surfaces, which form the D3 discontinuity set
in the fold hinge zones (Fig. 6c). These folds are cut by
the other discontinuity sets, which are found throughout the
scarp area with only slight variations in orientation. The ap-
parent persistence of these discontinuities is illustrated by the
area shaped by each discontinuity. It is highly variable with
D1, D2 and D5 shaping large areas of the main scarp, while
D6 in general forms only small surfaces within D5 fractures
(Fig. 6b). However, the discontinuity sets D5 and D6 can be
subdivided into two sets since they are observed next to each
other separated by a well-defined intersection line.
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3.2 Displacement analysis of the fast-moving ridge
3.2.1 Shortest distance comparison (SDC)
On the fast-moving ridge in the uppermost part of the A˚knes
rockslide (Fig. 2), the SDC between the scans taken at the
beginning of August and the middle of September 2006 re-
veals small displacements (approximately 1 to 2 cm) towards
the SE (Oppikofer et al., 2008a), but they are not significant
given the error on point comparisons. Between 3 August
2006 and 7 August 2007 the ridge moved towards the South
with a horizontal displacement of 6 to 8 cm and a vertical
displacement of 4 to 6 cm (Oppikofer et al., 2008a).
The SDC of the 2006 and 2008 datasets is shown in Fig. 8.
This comparison gives evidence of a southward movement of
the whole ridge by 12 to 18 cm (orange colours at the front
of the fast-moving ridge in Fig. 8) along with a downward
movement by approximately 6 cm (light blue colours on the
top of the ridge). This SDC also reveals the subsidence of the
debris (up to −24 cm) in the graben, which opened between
the main scarp and the fast-moving ridge (Fig. 8). In this
subsidence area, two small freestanding columns with high
displacements (up to +24 cm) are detected. The debris at the
foot of the fast-moving ridge are also moving towards the
South with displacements varying between 6 cm and 24 cm
for individual blocks (yellow to red colours in the foreground
of Fig. 8).
3.2.2 Roto-translation matrix analysis
For the detailed analysis of the displacements, the fast-
moving ridge was divided into 11 compartments – labelled
R1 to R10 – on the basis of the SDC and the morphol-
ogy (Fig. 8). For each compartment, a mesh of the 2006
TLS scans was created and aligned first onto the 2007 point
cloud and afterwards on the 2008 dataset. Using the roto-
translation matrix technique, the complete 3-D movement
of each compartment was calculated for each possible com-
parison (2006 vs. 2007, 2007 vs. 2008 and 2006 vs. 2008)
(Table 3). Figure 9 shows the translation vectors and top-
pling directions and angles for the 2-year period between Au-
gust 2006 and August 2008. All of the measured translation
vector lengths and most toppling angles are significant since
they are greater than the accuracy of the roto-translation ma-
trix technique (Table 1).
The compartment R1 is a detached column sliding and top-
pling towards the graben in the North (translation length of
36.4 cm and toppling angle of 0.818◦ in two years) and shows
a clearly different displacement pattern than the other com-
partments of the ridge. R1 was therefore excluded from the
displacement analysis of the fast-moving ridge.
The translation vectors of the compartments R2 to R10
are quite homogenous in length and direction. The differ-
ent compartments move towards the SSW to SW (between
196◦ N and 227◦ N) and the length of the translation vectors
Table 3. Displacement analysis of 11 compartments on the fast-
moving ridge: the length and orientation of the translation vector,
the toppling direction and angle, as well as the tilt angle are derived
from the affine transformation matrix between the initial state and
the final state for the comparisons 2006 to 2007, 2007 to 2008 and
2006 to 2008. Values in brackets are smaller than the accuracy of
the technique and are therefore not significant.
Centre point translation Toppling Tilt
Compartment Period Length Trend Plunge Azimuth Angle Angle
[cm] [◦] [◦] [◦] [◦] [◦]
R1
2006–2007 17.7 312.9 58.7 42.3 0.296 −0.016
2007–2008 19.1 289.4 56.5 1.2 0.571 0.017
2006–2008 36.4 299.9 57.8 14.9 0.818 0.033
R2
2006–2007 7.9 205.3 60.2 342.3 0.036 −0.019
2007–2008 11.5 229.5 54.8 329.5 0.024 0.025
2006–2008 19.3 220.2 57.5 337.2 0.059 0.044
R3
2006–2007 6.0 184.7 54.0 43.1 0.020 −0.021
2007–2008 9.7 210.2 46.9 348.8 0.033 0.027
2006-2008 15.6 201.5 50.0 8.7 0.048 0.048
R3a
2006–2007 6.2 190.6 48.6 187.1 0.073 −0.019
2007–2008 10.0 205.0 48.0 357.3 0.061 0.011
2006–2008 16.0 199.7 48.1 225.9 0.017 0.030
R4
2006–2007 7.1 217.4 61.0 21.5 0.026 −0.019
2007–2008 6.4 232.6 56.3 0.4 0.031 0.026
2006–2008 13.5 225.1 59.0 10.0 0.056 0.045
R5
2006–2007 4.8 203.2 60.8 350.9 0.026 0.027
2007–2008 10.7 210.5 45.4 306.8 0.022 0.046
2006–2008 15.4 208.8 50.1 331.2 0.044 0.019
R6
2006–2007 6.0 178.6 37.9 340.6 (0.013) 0.016
2007–2008 11.2 209.4 41.8 4.7 0.058 0.049
2006–2008 16.9 198.4 41.5 0.4 0.070 0.034
R7
2006–2007 7.5 159.4 40.8 16.4 0.023 (−0.001)
2007–2008 8.8 230.4 45.5 55.6 0.026 0.016
2006–2008 14.8 196.4 49.2 37.1 0.047 0.017
R8
2006–2007 7.5 205.7 60.9 333.5 0.043 (−0.004)
2007–2008 6.1 249.5 55.4 70.9 0.019 0.023
2006–2008 13.4 226.7 60.3 359.1 0.045 0.027
R9
2006–2007 8.9 177.1 57.1 3.6 0.026 (−0.001)
2007–2008 6.1 280.2 46.1 346.3 0.025 0.030
2006–2008 13.1 224.0 64.5 355.2 0.050 0.031
R10
2006–2007 5.0 158.8 55.5 190.8 0.021 −0.026
2007–2008 9.1 211.3 33.1 1.3 0.055 (−0.007)
2006–2008 13.2 197.8 43.6 355.6 0.034 0.019
Mean 2006–2007 6.9 199.2 64.8 28.9 0.034 (−0.008)
(without R1) 2007–2008 8.7 221.6 48.6 0.3 0.031 0.025
2006–2008 14.9 207.8 52.7 357.5 0.042 0.032
Weighted 2006–2007 6.2 179.3 56.7 9.8 (0.010) (−0.004)
mean 2007–2008 8.7 220.7 45.6 358.5 0.038 0.021
2006–2008 14.5 206.1 51.9 0.9 0.048 0.024
varies between 13.1 to 19.3 cm between 2006 and 2008. The
translation direction of the northern compartments is more to
the SW and steeper plunging (between 57◦ and 64◦ for R2,
R4, R8 and R9) than the southern compartments (between
41◦ and 50◦ for R3, R3a, R5, R6, R7 and R10). This higher
subsidence can be explained by the opening of the graben
structure between the back scarp and the ridge.
The global displacement of the fast-moving ridge can
be described by the average of the displacement vectors
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Fig. 8. Comparison of the TLS point clouds from 3 August 2006 and 24 August 2008. 
Positive differences up to +24 cm are shown in yellow to red colours and negative differences 
up to –24 cm in light to dark blue colours. The 10 compartments on the fast-moving ridge (R1 
is hidden by R2) used for the detailed displacement analysis using the roto-translation matrix 
technique are outlined. Debris are subsiding in a graben opened between the main scarp and 
the fast-moving ridge. In the foreground of the comparison image, the debris at the foot of the 
ridge are also moving with variable displacements ranging from 6 to 24 cm in two years. 
 
Fig. 8. Shortest distance comparison of the TLS point clouds from 3 August 2006 and 24 August 2008. Positive differences up to +24 cm are
shown in yellow to red colours and negative differences up to −24 cm in light to dark blue colours. The 10 compartments on the fast-moving
ridge (R1 is hidden by R2) used for the detailed displacement analysis using the roto-translation matrix technique are outlined. Debris are
subsiding in a graben opened between the main scarp and the fast-moving ridge. In the foreground of the comparison image, the debris at
the foot of the ridge are also moving with variable displacements ranging from 6 to 24 cm in two years.
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Fig. 9. Map of the 11 compartments on the ridge: a) the arrows indicate the direction and 
amplitude of the displacement vector between August 2006 and August 2008; b) shows the 
toppling direction (indicated by the azimuth of the arrow) and the toppling angle (indicated by 
the length of the arrow and the number) from August 2006 to August 2008. 
 
Fig. 9. Map of the 11 compartments on the ridge: (a) the arrows indicate the direction and amplitude of the displacement vector between
August 2006 and August 2008; (b) shows the toppling direction (indicated by the azimuth of the arrow) and the toppling angle (indicated by
the length of the arrow and the number) fr August 2006 to August 2008.
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(208◦/53◦, 14.9 cm in two years) or the mean value weighted
by the horizontal surface of each compartment (206◦/52◦,
14.5 cm between 2006 and 2008). These calculated displace-
ments are similar to the shortest differences visible in the
comparison image (Fig. 8).
Except for R3a that is toppling towards the SW, the com-
partments topple towards the North (ranging from 331◦ N
to 037◦ N; weighted mean toppling direction: 001◦ N). Top-
pling angles are low (< 0.1◦) with a weighted mean angle
of 0.048◦. Nonetheless, a toppling by 0.048◦ of a 50 m high
compartment, as found on the ridge in A˚knes rockslide, leads
to a displacement of 4.2 cm at its top. This toppling compo-
nent is in good agreement with the different displacement
patterns detected by the SDC (Fig. 8). The northward top-
pling combined to southward sliding leads to higher SD at the
foot of the fast-moving ridge (> 12 cm, orange to red colours
at the foot of R3, R5 and R6 in Fig. 8), smaller SD at the top
of the cliff (< 12 cm, green to yellow colours in the upper
part of the compartments in Fig. 8) and higher negative SD
on the top of the ridge (<−6 cm, light blue colours on the
top of the ridge compartments in Fig. 8). The tilt angles, i.e.
the rotation of the compartment around the toppled normal
axis, are low (< 0.05◦) and have little significance in terms
of sliding or toppling.
Between the detailed displacements analyses for 2006 vs.
2007 and 2007 vs. 2008 most of the compartments show a
coherent movement pattern with only small differences in
translation direction and amplitude as well as in toppling di-
rection and toppling angle (Table 3). However, the differ-
ences in the translation direction (trend and plunge) increase
with increasing distance from the main scarp (compartments
R7, R8, R9 and R10). These variations are probably not
caused by a change in the displacement direction of the ridge,
but can be partly explained by the relatively low accuracy
of the translation directions for centimetric displacements
(Fig. 5). In the southern part of the ridge, lower point den-
sities (especially for R9 and R10, see Fig. 8) and increasing
co-registration errors with increasing distance between the
stable reference points and these compartments can explain
the important discrepancies in the displacement directions.
The displacement analysis between 2006 and 2008 provides
the most reliable results possible, since the slope movements
are higher than for the yearly comparisons and consequently
the accuracy of the translation and toppling directions is sig-
nificantly better (Fig. 5).
4 Interpretation and instability mechanism
For the ridge in the uppermost part of the A˚knes rockslide,
Braathen et al. (2004) stated that “transport is parallel to
the surface, which dips 30–40◦ to the South” (p. 74) and
the available point measurements on the fast-moving ridge
show a displacement towards the S to SW by 5 to 9 cm/year
(Fig. 1c, Table 4). For the same point on compartment
R3, the permanent GPS and laser distacemeters show sig-
nificant differences in displacement velocity (between 6.4
and 8.1 cm) and displacement direction (between 199◦ N and
211◦ N for the trend and 31◦ to 64◦ for the plunge). The
translation components of compartments R3 and R9 deter-
mined by TLS are similar to the point-based measurements
within the given accuracy limits (Table 4).
The general displacement direction of the fast-moving
ridge is confirmed by the TLS measurements (weighted
mean: 207◦ N) and is comparable to the dip direction of the
gneiss foliation in the normal limbs of the isoclinal folds (D4:
186◦/41◦ (Coltop3D data), see Table 2). In fact, the gneiss
foliation likely forms the basal sliding surface of the A˚knes
rockslide (Fig. 10) (Henderson et al., 2006; Kveldsvik et al.,
2006; Ganerød et al., 2008). Undulations of the gneiss fo-
liation create changes in both dip direction (between 155◦ N
and 205◦ N) and dip angle (between 27◦ and 45◦) (data from
Derron et al. (2005), Kveldsvik et al. (2006), Ganerød et
al. (2008) and this study). The obtained plunge of the trans-
lation vector is similar to the point-based measurements (Ta-
ble 4) and significantly higher (52◦) than the average slope
angle (37◦) in the upper part of the A˚knes rockslide and the
values for the foliation dip angle reported in previous studies
(27◦ to 45◦; 41◦ in this study). This more important down-
ward movement of the uppermost part of the A˚knes rockslide
is probably made possible by a complex, stepped sliding sur-
face (Fig. 10). The planar sliding along the foliation opens
voids along the stepped surface. These voids get filled by
the vertical settlement of the overlying fast-moving ridge ex-
plaining its high downward displacements (Fig. 10). These
vertical movements are likely associated to brittle fracturing.
A microseismic monitoring network operated at the A˚knes
rockslide since 2005 shows increased seismic activity dur-
ing acceleration phases of the rockslide after heavy rainfalls
or snowmelt (Roth and Blikra, 2009). The assumed stepped
sliding surface is created by the preferential rupture along
the hinges of the isoclinal folds (Jaboyedoff et al., submit-
ted, 2009), as observed in the main scarp of the A˚knes rock-
slide (Figs. 2 and 6), and along the gneiss foliation. A
similar stepped surface of an ancient rockslide is exposed
2.5 km south of the A˚knes rockslide (Oppikofer and Jaboyed-
off, 2007; Oppikofer et al., in preparation, 2009).
The planar sliding parallel to the gneiss foliation also
opened a graben structure between the main scarp and the
fast-moving ridge (Fig. 10). This graben is partially filled
with debris, but allows blocks that are delimited by discon-
tinuity sets D1 (rear), D3 (basal), and D5 or D6 (lateral) to
topple towards the graben. In addition, the measured rota-
tional movements of the ridge towards the North can also
be explained by rock slumping. The compartment Ridge
3a is delimited by discontinuity sets D1 (rear), D4 (basal),
and D5 (lateral) and is able to topple-slide towards the South
(Fig. 10), which is supported by the measured toppling di-
rection and toppling angle. Finally, it is the planar sliding
mechanism that leads to the apparent rotational movements
of the uppermost part.
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Table 4. Comparison of the translational displacements of compartments R3 and R9 measured by different point-based instruments, i.e.
permanent GPS and laser distancemeters (data provided by the A˚knes/Tafjord project), and TLS.
Compartment Instrument Period (days) Displacement Velocity Trend Plunge
[cm] [cm/year] [◦] [◦]
R3
GPS * 26.03.07–28.07.08 (490) 10.9 8.1 198.7 58.7
GPS 07.08.07–24.08.08 (383) 7.4 7.1 202.5 63.7
Laser + 07.08.07–24.08.08 (383) 6.7 6.4 211.0 30.8
TLS 07.08.07–24.08.08 (383) 9.7 9.2 210.2 46.9
R9 Laser
+ 07.08.07–24.08.08 (383) 7.8 7.5 160.3 44.1
TLS 07.08.07–24.08.08 (383) 6.1 5.8 280.2 46.1
*data from Nordvik and Nyrnes (2009), + fixed line-of-sight (trend/plunge) for the laser distancemeters.
5 Conclusions and perspectives
The terrestrial laser scanner survey of the upper part of the
A˚knes rockslide shows the potential of this new method.
TLS provides high resolution point clouds of the topogra-
phy, which complement the DEM generated from aerial laser
scanning that often lack precise information in the steep
cliffs. TLS data on inaccessible cliffs, such as the main scarp
of the A˚knes rockslide, enable a detailed analysis of the main
structural features including major discontinuity sets and fold
axes. New software tools, like Coltop3D, improve the ability
to extract the relevant structures from point clouds.
More important for landslide hazard assessment and land-
slide monitoring is the potential of TLS to detect global slope
movements over the whole landslide area and not just at sin-
gle monitoring points. In contrast to many other monitoring
techniques, TLS provides information not only on the total
amount of displacement in the line-of-sight, but also on the
type of movement, i.e. translation and/or rotation. Compar-
isons of TLS point clouds of the upper part of the A˚knes
rockslide reveal displacements as low as a few centimetres
and up to several decimetres. In contrast to other area-based
monitoring techniques, the range of measurable displace-
ments by TLS is very large leading to a wide range of poten-
tial landslide monitoring applications. TLS is also capable
of providing rapid precise 3-D topographic information for
quick hazard assessment in emergency situations (Jaboyed-
off et al., accepted, 2009).
The improved roto-translation technique is well suited
for displacement measurement and the interpretation of the
movement in terms of landslide mechanism. The measured
displacements are consistent with the overall movement of
the A˚knes rockslide. A possible rockslide mechanism model,
including planar sliding as well as toppling and vertical set-
tlement for the uppermost part of the A˚knes rockslide, was
established on the basis of the TLS data. This instability
model still requires testing and comparison with other mod-
els based on structural and geomorphologic observations, as
well as on geophysical investigations.
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Fig. 10. Schematic profile across the upper part the Åknes rockslide (based on the ALS-
DEM, © Åknes/Tafjord Project) explaining the measured displacement vectors by planar 
sliding and vertical settlement along a complex stepped basal sliding surface and the toppling 
at the front of the ridge and towards the graben (modified from Oppikofer et al., 2008a). The 
location and shape of the basal sliding surface is not exactly known and the foliation is 
undulating. A mean foliation dip angle of 41° was chosen for this conceptual model. 
Fig. 10. Schematic profile across the upper part the A˚knes rockslide
(based on the ALS-DEM, © A˚knes/Tafjord Project) explaining the
measured displacement vectors by planar sliding and vertical settle-
ment along a complex stepped basal sliding surface and the toppling
at the front of the ridge and towards the graben (modified from Op-
pikofer et al., 2008a). The location and shape of the basal sliding
surface is not exactly known and the foliation is undulating. A mean
foliation dip angle of 41◦ was chosen for this conceptual model.
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Appendix A
The 4×4 matrix associated to the affine, rigid-body transfor-
mation from the initial to the final position (Eq. A1) is com-
posed of 3×3 terms for the rotation (r11 to r33), 3 terms for
the translation (t14 to t34) and a fourth line being generally
[0,0,0,1] (Stephens, 2000; Lichti et al., 2002).
Mtot =

r11 r12 r13 t14
r21 r22 r23 t24
r31 r32 r33 t34
0 0 0 1
 (A1)
The real translation, t , is expressed as a vector between the
block’s centre point in the initial and the final state (Fig. 4a),
which is obtained by multiplication of the centre point by the
roto-translation matrix (Eq. A2).
t =

1X
1Y
1Z
0

= Mtot ·

X
Y
Z
1

−

X
Y
Z
1

(A2)
The total transformation equals the translation of the centre
point to its final state, t , followed by the rotation, Mrot, of
the block around its centre point. The rotation component of
Mrot is given by the 4×4 roto-translation matrix Mtot, while
the translation components are equal to 0 (Eq. A3).
Mrot =

r11 r12 r13 0
r21 r22 r23 0
r31 r32 r33 0
0 0 0 1
 (A3)
The toppling direction and toppling angle are obtained by
applying this rotation to a vertical vector (Eq. A4). The az-
imuth ϕ of the rotated vector gives the toppling direction,
while the angle between the vector and the vertical stands for
thetoppling angle φ (Fig. 4c).
vtopple =

xt
yt
zt
0
 = Mrot ·

0
0
1
0
 (A4)
The matrix associated with this toppling Mtopple can be cal-
culated using the rotation by angles α and β around the x-
and y-axes, respectively (Eq. A5).
Mtopple =

cosβ 0 − sinβ 0
0 1 0 0
sinβ 0 cosβ 0
0 0 0 1

·

1 0 0 0
0 cosα sinα 0
0 − sinα cosα 0
0 0 0 1

Mtopple =

cosβ sinα × sinβ − cosα × sinβ 0
0 cosα sinα 0
sinβ − sinα × cosβ cosα × cosβ 0
0 0 0 1

with : α = − arcsin( yt√
y2t +z2t
)
and β = arcsin( xt√
x2t +z2t
)
(A5)
Finally, the tilt angle ψ around this toppled vector is calcu-
lated by the tilt matrix Mtilt (Baker, 2009), which is obtained
from the total rotation matrix Mrot and the toppling matrix
Mtopple (Eq. A6).
Mrot = Mtopple · Mtilt →Mtilt = M−1topple · Mrot (A6)
The matrix Mtilt describing the rotation by an angleψ around
the toppled vector [xt , yt , zt , 0]T is expressed as follows
(Eq. A7) (Baker, 2009).
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Mtilt =

1 + (1 − cos9) · (x2t − 1) −zt · sin9 + (1 − cos9) · xt · yt yt · sin9 + (1 − cos9) · xt · zt 0
zt · sin9 + (1 − cos9) · xt · yt 1 + (1 − cos9) · (y2t − 1) −xt · sin9 + (1 − cos9) · yt · zt 0
−yt · sin9 + (1 − cos9) · xt · zt xt · sin9 + (1 − cos9) · yt · zt 1 + (1 − cos9) · (z2t − 1) 0
0 0 0 1
 (A7)
Since it is impossible to calculate an exact analytical solu-
tion for ψ , the tilt angle is computed by an iterative proce-
dure that minimizes the differences between the tilt matrixes
computed with Eqs. (A6) and (A7), respectively.
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